The mechanisms and kinetics of the gas phase reactions that the hydrogen atom in formyl fluoride (FCHO) abstracted by OH in the presence of water, formic acid (FA), or sulfuric acid (SA) are theoretically investigated at the CCSD(T)/6-311++G(3df, 3pd)//M06-2X/6-311++G(3df, 3pd) level of theory. The calculated results show that the barriers of the transition states involving catalysts are lowered to −2.89, −6.25, and −7.76 kcal/mol from 3.64 kcal/mol with respect to the separate reactants, respectively, which reflects that those catalysts play an important role in reducing the barrier of the hydrogen abstraction reaction of FCHO with OH. Additionally, using conventional transition state theory with Eckart tunneling correction, the kinetic data demonstrate that the entrance channel X···FCHO+OH (X=H 2 O, FA, or SA) is significantly more favorable than the pathway X···OH+FCHO. Moreover, the rate constants of the reactions of FCHO with OH radical with H 2 O, FA, or SA introduced are computed to be smaller than that of the naked OH+FCHO reaction because the concentration of the formed X···FCHO or X···OH complex is quite low in the atmosphere.
I. INTRODUCTION
Formyl halides are important reactive molecules, which are formed via the atmospheric degradation intermediates of several halocarbon, for example, chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) [1−3] . Although the CFCs, HCFCs, and halogen are released into atmosphere from anthropogenic sources [4, 5] at low concentrations, the proposal antarctic-like ozone hole shows that the implementation of the Montreal protocol has few positive effects on restricting CFCs and FCFCs to break the ozone and reduce the stratospheric halogen loading [5, 6] . Therefore, it is of great necessity and importance to study the atmospheric effects and lifetimes of halogenated organic compounds. Formyl fluoride (FCHO) is one of the formyl halides in the upper troposphere, which is a major oxidation product of HFC-134a (CF 3 CFH 2 ) and HFC-41 (CH 3 F) [1−7] . For example, the OH radical reaction with HFC-134a in the presence of NO x leads to generate FCHO with a yield of 70% [7] .
Thus, exploring the atmospheric oxidation processes of FCHO is required to fully estimate the effects of atmospheric environment of halogenated organic compounds.
Hydroxyl radical (OH) is one of the dominant reactive species in both polluted troposphere and nature, which plays an important role in the atmospheric chemistry [8] . There have been some experimental and theoretical investigations on the reaction of OH with FCHO [9−12] , which indicates that the formation of FCO+H 2 O via hydrogen atom abstraction is the most feasible channel, whereas the formation of FCOOH+H via OH addition to the central carbon atom in the carbonyl oxide is negligible. Moreover, the rate constant of the reaction of FCHO and OH radical is calculated to be 4×10 −15 cm 3 /(molecule·s) [12] , which shows the atmospheric lifetime of FCHO with respect to reaction with OH is a lower limit of 10 years. On the other hand, experimental and theoretical studies have revealed that the single water molecule could make a contribution to decreasing the reaction barriers in the homogeneous phase or heterogeneous processes [13−25] . In addition, atmospheric acids such as formic acid (FA) [26−28] and sulfuric acid (SA) [29−31] have been theoretically proven to reduce the barriers in the hydrolysis reaction [26, 30−35] and isomerization processes [36−39] . The-refore, it is of great necessity to investigate the FCHO+OH reaction in the presence of H 2 O, FA, or SA.
In the present work, in order to explore the reaction mechanisms and kinetics for the hydrogen abstraction of the title reactions and determine whether these reactions are of great importance in the atmosphere, we consider that H 2 O, FA, and SA catalyzes gas-phase reaction of FCHO with OH using ab initio methods and conventional transition state theory (TST). The present findings not only evaluate the relatively catalytic abilities of the water, FA and SA based on the detailed potential energy surface, but also provide new insights into atmospheric oxidation processes of FCHO. The present results could have potential applications in understanding and elucidating the homogenous reaction processes of FCHO in the atmosphere.
II. COMPUTATIONAL METHODS
The calculations herein were performed using the Gaussian 09 program package [40] . Firstly, the geometrical structures of all the reactants, transition states, complexes, and products were optimized at the M06-2X/6-311++G(3df, 3pd) level of theory. The M06-2X method is a highnonlocality functional with double the amount of nonlocalexchange (2X) [41] , which has been shown to be sufficiently reliable for predicting geometries and frequencies of the stationary points [30, 42−44] . At the same level, the corresponding frequency calculations of the optimized geometries were also done to prove the characters of minima without imaginary frequency and the transition state with only one imaginary frequency. We also performed the intrinsic reaction coordinate (IRC) [45] calculations at M06-2X/6-311++G(3df, 3pd) level of theory in order to determine if a given transition state connects with the desired reactant and product.
Secondly, to refine relative energies, the single point energies were also calculated at the CCSD(T)/6-311++G(3df, 3pd) level based on the M06-2X/6-311++G(3df, 3pd) optimized geometries using Molpro software [46] . In these calculations, we also took into account the T1 diagnostic [47, 48] in the CCSD wave function to determine the reliability of single-determinantbased methods. According to Rienstra-Kiracofe [48] , the CCSD(T) calculation is considered to be reliable when the diagnostic values of the T 1 of the closed-shell and open-shell species do not exceed the threshold of 0.02 and 0.044, respectively. Additionally, the basis set superposition error (BSSE) for the complexes was evaluated using the counterpoise method by Boys and Bernardi [49] at the M06-2X/6-311++G(3df, 3pd) level of theory and the effect of spin-orbit coupling for the OH radical (−0.20 kcal/mol) [50] are considered in this method.
Finally, the rate constants of these elementary reactions were estimated using conventional TST [51−55] with Eckart [56] tunneling correction applied widely in atmospheric reactions in the literature [14, 30, 57−64] , which were performed in the TheRate program [65] . As shown in Table I , the T1 diagnostic values of all species do not extend the upper limit in this work, which indicates that the CCSD(T) calculations are reliable.
III. RESULTS AND DISCUSSION
A. The reaction of FCHO with OH assisted by H2O In order to demonstrate the reliability of theoretical methods utilized herein and better estimate the catalytic roles of H 2 O, FA, and SA, we also re-investigate the hydrogen abstraction and addition reaction of FCHO with OH. We find two reaction channels of are hydrogen abstraction and radical addition, which are similar to the OH+HCHO reaction [15, 66−68] . As shown in Fig.1 and Table I , the barriers of the hydrogen abstraction channel is 5.09 kcal/mol relative to prereactive complex CR1, which is in good agreement with the value of 6.0 kcal/mol [9] . Therefore, the results show that the theoretical methods used herein are reliable for the OH+FCHO reaction. Additionally, due to the high energy barrier of OH addition to the carbon atom in FCHO, the addition reaction channel is negligible in the atmosphere.
The reactants are FCHO and the OH···H 2 O complex or OH and the FCHO···H 2 O complex in the reaction of OH with FCHO with a single water molecule being added, as shown in Fig.2 . The capital letter "W" has been added to denote a single water molecule involved in the OH+FCHO reaction. The reaction between FCHO and OH catalyzed by H 2 O occurs through the pre-reactive complex CRW before the transition state TSW and the post-reactive complex CPW, leading to the formation of FCO+2H 2 O. The process is similar to the cases of HCHO+OH [15] , HOCl+OH [14] , and H 2 O 2 +OH [69] in the presence of water. From Table  I , the binding energy of the H 2 O···OH is found to be −3.52 kcal/mol, which is in good agreement with the previous reported values of −3.77 [70] , −3.97 [71] , and −3.60 kcal/mol [72] . It is worth noting that CRW has a seven-membered-ring structure, where FCHO acts as both hydrogened-bond accepter and donor simultaneously. Additionally, the transition state TSW has an approximately planar configuration, where the breaking C1···H1 bond is elongated to 1.22Å from the equilibrium bond length of 1.09Å, and the bond length of H1···O2 is 1.01Å shorter than that of CRW. In Table I , the binding and activation energies of the CRW and TSW are −7.39 and −2.89 kcal/mol with BSSE correction relative to the reactants, respectively. The barrier of TSW is estimated to be 4.5 kcal/mol relative to the pre-reactive complex CRW, which is about 0.5 kcal/mol lower than that of the naked OH+FCHO Note: The values are obtained at the CCSD(T)/6-311++G(3df, 3pd)//M06-2X/6-311++G(3df, 3pd) level of theory plus BSSE at the M06-2X/6-311++G(3df, 3pd) level of theory and the ∆E is considered to be the 2 P 3/2 spin-orbit state of OH radical. a T1 is the diagnostic value.
reaction. Thus, H 2 O can play a positive role in the reduction of barrier of OH+FCHO. Moreover, the free energy calculated at the CCSD(T)/6-311++G(3df, 3pd)//M06-2X/6-311++G(3df, 3pd) level of theory is −18.66 kcal/mol, which indicates that the reaction process is thermodynamically favorable.
B. The reaction of FCHO with OH assisted by FA and SA
FA catalyzes the reaction of FCHO with OH via the possible entrance channels with FA···OH+FCHO or FA···FCHO+OH acting as reactants. Because formic acid has two different oxygen atoms, we find four reaction channels RF, RFa, RFb, and RFc for the reaction of the hydrogen atom of FCHO abstracted by OH and the corresponding transition states TSF, TSFa, TSFb, and TSFc, leading to the formation of the products FCO+H 2 O+HCOOH as shown in Fig.3 and Fig.S Table I and Table S1 (in supplementary materials), respectively, which shows that the most stable one is the nine-membered-ring complex CRF. Therefore, we mainly discuss the reaction channel as presented in Fig.3 . The reaction starts with two channels FA···OH+FCHO or FA···FCHO+OH, which leads to the formation of pre-reactive complex CRF, pro- ceeding to the transition state TSF before the formation of post-reactive complex CPF, and subsequently forming FCO+H 2 O+HCOOH. As shown in Table I , the binding energy of the HCOOH···OH is −3.41 kcal/mol at the CCSD(T)/6-311++G(3df, 3pd)//M06-2X/6-311++G(3df, 3pd) level of theory with the BSSE correction and considering the 2 P 3/2 spin-orbit state of OH radical, which is in good agreement with the previous values −3.68 kcal/mol [73] and −2.77 kcal/mol [15] . In CRF, both the carbonyl and the hydroxyl groups in FA are involved in the ring configuration, where there are three hydrogen bondings. In TSF, the bond lengths of C1···H1 and H1···O2 are 1.23 and 1.26Å, respectively, which are similar to those of the TSW. It is noted that the geometrical parameters of the two hydrogen bondings in TSF have little difference from those in CRF.
The energy barrier is computed to be 3.92 kcal/mol with respect to CRF in Table I , which is about 1 kcal/mol lower than that of OH+FCHO. Moreover, the barrier is lower about 0.5 kcal/mol than that of OH+FCHO reaction in the presence of water. Thus, the results reflect that FA exerts a strong catalytic role in lowering the barrier of OH+FCHO. Additionally, the barriers of TSFa, TSFb, and TSFc in Table S1 (in supplementary materials) are computed to be 4.41, 5.27, and 4.25 kcal/mol relative to the respective pre-reactive complex, which is higher than that of TSF.
Regarding the reaction between FCHO and OH catalyzed by SA (Fig.4) tion states TSS and the post-reactive complex CPS to form the corresponding products FCO+H 2 O+H 2 SO 4 . From Table I , the binding energy of the CRS is −11.02 kcal/mol with BSSE correction relative to the reactants at the CCSD(T)/6-311++G(3df, 3pd)//M06-2X/6-311++G(3df, 3pd) level of theory, which is 5.03 kcal/mol higher than that of the reaction of HCHO and OH assisted SA at the CCSD(T)/6-311++G(3df, 3pd)//MP2(full) levels of theory [15] . Likewise, TSS possesses twisted nine-membered-ring configuration with the activation energy −7.76 kcal/mol relative to the free reactants.
From the discussion mentioned above, it can be seen to see that the barriers for the hydrogen abstraction process of FCHO assisted by water, FA, or SA are 4.50, 3.92, and 3.26 kcal/mol respect to the pre-reactive complexes, respectively, which are semblable to the value of 5.09 kcal/mol in the reaction of FCHO with OH without catalyst. However, our calculations reveal that the activation energies are reduced to −2.89, −6.25, and −7.76 kcal/mol relative to free reactants in the presence of water, FA, and SA, respectively, the energy barriers of the reactions with the catalysts can be decreased, in comparison with the naked OH+FCHO reaction. Thus, a further kinetic study should be done to evaluate the possible catalytic effects of H 2 O, FA, and SA in the atmosphere.
C. Kinetics and potential applications in atmospheric chemistry
Based on the analysis of energies above, the function of water, FA, or SA is to lower the barrier for the hydrogen abstraction of the FCHO with OH reaction, which plays an important role in the formation DOI:10.1063/1674-0068/29/cjcp1509187 c ⃝2016 Chinese Physical Society of FCO+H 2 O. In order to examine the possible atmospheric impacts of these reactions discussed herein, we have also computed the rate constants of the reactions using conventional TST on the basis of the CCSD(T)/6-311++G(3df, 3pd)//M06-2X/6-311++G(3df, 3pd) potential energy surfaces discussed above over the temperature of 200−300 K. The reaction mechanisms of the reactions start with the formation of the pre-reactive complexes before the transition states and release the products.
For the naked reaction of FCHO with OH, the reaction mechanism can be characterized by the following reaction:
where k 1 and k -1 express the forward and reverse rate constants for the first step, which forms the pre-reactive complex, k 2 corresponds to the products come into being for the second step. On the basis of the steady-state conditions, the overall rate constant is expressed as:
If k 2 is considerably smaller than k -1 , the rate constant can be further simplified as:
where k eq represents the equilibrium constant of the first step. The k eq and k 2 can be calculated via the following:
where Q R , Q RC , and Q TS stand for the partition functions of the reactants, the pre-reactive complex, and the transition state, respectively. σ is the symmetry, κ is the transmission coefficient, k B is the Boltzmann constants, h is the Planck constants and R is the ideal gas constants. The E R , E RC , and E TS denote the total energies of the reactants, pre-reactive complex, and transition state with ZPE correction. As shown in Table II , it can be seen that the rate constant of the naked reaction FCHO+OH is in the range of 4.37×10 −15 cm 3 /(molecule·s) to 1.95×10 −14 cm 3 /(molecule·s) in the temperature of 200−300 K, which is in good agreement with the previous report by Timothy et al. [12] (about 4×10 −15 cm 3 /(molecule·s)). From the calculated data, we can obtain a conclusion that the rate constants increase with temperature. For the reactions of FCHO with OH catalyzed by water, FA or SA, which can proceed via two entrance channels: one is X···OH+FCHO and the other is X···FCHO+OH. The main steps of the two pathways can be considered as (where X=H 2 O, HCOOH, or H 2 SO 4 ):
The reaction sequences are representatively regarded as one involving the formation of the CRX pre-reactive collision complex by means of Sinha [74] and Fliegl [75] , which then lead to the unimolecular reaction.
In a general way, Eq. (8) is viewed as the most crucial step to determine the rate constant, and the rate can be shown as:
Assuming CRX is in equilibrium with the reactants and according to the steady-state conditions, similar to the gas phase reaction FA-catalyzed hydrolysis of SO 3 [74] , the rate constant of the X···OH+FCHO pathway can be represented as:
Consequently, the overall reaction rate constant is carried out by the following expression: (cm 3 /(molecule·s)) for the individual reaction pathway of the two channels for catalytic reaction with the temperature range 200−300 K (where X=H2O, HCOOH, or H2SO4). where k eq6X and k eq7X represent the equilibrium constants for Eq.(6) and Eq. (7), respectively, k 8X is the rate constant of Eq.(8), and [X] is the troposphere concentration of water, FA, or SA. Analogously, the rate constant of the pathway X···FCHO+OH can be written as (k eq9X and k eq10X denote the equilibrium constants for Eq. (9) and Eq. (10):
If we do not think about Eq. (6) and (9), the rate constants for the title reaction assisted by catalyst can be expressed as:
In order to compare which entrance channel is more feasible, we calculated the ratio of the rate of the two reaction channels by the following equation:
For the H 2 O-assisted the hydrogen abstraction of FCHO by OH, the equilibrium constant, the rate constant, and the ratio of the two entrance channels in the temperature of 200−300 K are presented in Table S2 (9) is considered, the rate constants k H2O···OH+FCHO and k H2O···FCHO+OH are 3 orders of magnitude smaller than that of the naked OH+FCHO reaction at 298 K. It is noted that all the rate constants decrease with the increase in temperature. From Table IV, our calculations show that the reaction starting from H 2 O···FCHO complex with OH radical is more feasible. Considering the reactions assisted by formic acid and sulfur acid, the corresponding kinetic data are given in Table S3 and Table S4 (in supplementary materials), respectively. From the computational results presented herein, we obtain similar conclusions that the rate constants for Eq.(6) and Eq. (9) [78, 79] . Considering the high atmospheric concentrations of water, this simple relative rate analysis demonstrate that the hydrogen abstraction reaction of FCHO with OH catalyzed by water is more favorable and much faster than the FA-assisted or SA-assisted. As shown in Table V , the rate constant calculated at 298 K for the reaction assisted by water is 5.81×10 −17 cm 3 /(molecule·s), which is smaller by about 3 orders of magnitude than the reaction without catalyst. From the point of the view of dynamics, the hydrogen abstraction process of FCHO with OH radical catalyzed by water is of minor importance in the gas phase atmospheric chemistry.
IV. CONCLUSION
The mechanisms and kinetics of the gas-phase hydrogen abstraction reaction of FCHO with OH radical catalyzed by water, FA, or SA are theoretically investigated at the CCSD(T)/6-311++G(3df, 3pd)//M06-2X/6-311++G(3df, 3pd) level of theory. From the analysis of the calculational results, the participation of the a single water, FA, or SA plays an important role in the formation of FCO and H 2 O, which dramatically decrease the energy barriers of the corresponding transition state about 6.53, 9.89, and 11.40 kcal/mol relative to that of the without catalyst, respectively. Additionally, based on the kinetic calculations, the reaction channel starting with X···FCHO+OH reactant is more favorable than the pathway involving X···OH+FCHO reactant. According to the calculations of the theoretical rate constants for these major reaction pathways with catalyst, we find that water has stronger catalysis than others. Moreover, the rate constants for these major reaction pathways with catalyst are much smaller than that of the reaction without any catalyst, which means that contribution of the catalysts water, FA, or SA is be of no account for the hydrogen abstraction reaction of FCHO+OH in the atmosphere. Even so, our study might be of great use to understand the atmospheric chemistry and estimate the other atmospheric oxidation processes which were assisted by water, FA, or SA. Figure S(a), S(b) , and S(c) show the potential energy profile for other three possible reaction channels of the reaction of FCHO with OH radical catalyzed by SA. Table S1 presents the enthalpies, Gibbs free energies, and relative energies of all species for other three possible reaction channels of the reaction FCHO+OH+HCOOH (RFa, RFb, and RFc) with zero-point energy correction included (in kcal/mol). Table S2, Table S3, and Table S4 show the equilibrium constants (molecules/cm 3 ), the rate constants (cm 3 /molecule·s) for the individual reaction pathway and the ratio of rate expressions of the two channels for water, FA, or SA catalytic reactions with the temperature range of 200−300 K, respectively. 
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